ABSTRACT: Calcium-dependent cardiac muscle contraction is regulated by the protein complex troponin. Calcium binds to the N-terminal domain of troponin C (cNTnC) which initiates the process of contraction. Heart failure is a consequence of a disruption of this process. With the prevalence of this condition, a strong need exists to find novel compounds to increase the calcium sensitivity of cNTnC. Desirable are small chemical molecules that bind to the interface between cTnC and the cTnI switch peptide and exhibit calcium sensitizing properties by possibly stabilizing cTnC in an open conformation. To identify novel drug candidates, we employed a structure-based drug discovery protocol that incorporated the use of a relaxed complex scheme (RCS). In preparation for the virtual screening, cNTnC conformations were identified based on their ability to correctly predict known cNTnC binders using a receiver operating characteristics analysis. Following a virtual screen of the National Cancer Institute's Developmental Therapeutic Program database, a small number of molecules were experimentally tested using stopped-flow kinetics and steady-state fluorescence titrations. We identified two novel compounds, 3-(4-methoxyphenyl)-6,7-chromanediol (NSC600285) and 3-(4-methylphenyl)-7,8-chromanediol (NSC611817), that show increased calcium sensitivity of cTnC in the presence of the regulatory domain of cTnI. The effects of NSC600285 and NSC611817 on the calcium dissociation rate was stronger than that of the known calcium sensitizer bepridil. Thus, we identified a 3-phenylchromane group as a possible key pharmacophore in the sensitization of cardiac muscle contraction. Building on this finding is of interest to researchers working on development of drugs for calcium sensitization.
■ INTRODUCTION
Heart failure, a condition that affects nearly 5.7 million Americans each year, occurs when the cardiac muscle is unable to pump enough oxygenated blood to the rest of the body resulting in improper function. Contraction of the cardiac muscle is made possible by the intricate interaction between several proteins. 1 Malfunction of any of these proteins can lead to heart failure, typically due to hindered contraction. The key players in cardiac muscle contraction are the thick (made up of myosin) and the thin (containing actin, tropomyosin, and troponin) filaments. 2 Binding of myosin heads to the thin filament, and subsequent conformational changes in myosin create mechanical force and ultimately contraction. This process occurs in a Ca 2+ dependent manner. 3, 4 Cardiac troponin (cTn) is a key regulatory protein nexus in this contraction process. The cardiac troponin complex consists of three subunits: troponin C (cTnC), the subunit that binds calcium; troponin I (cTnI), the inhibitory subunit; and troponin T (cTnT), the subunit that secures the troponin complex to tropomyosin-actin. 4−7 The structures of all three subunits of cTn are shown in Figure 1 . When Ca 2+ binds to the N-terminal regulatory domain of cardiac troponin C, cNTnC (cTnC residues 1−89), the exposure of a hydrophobic patch between the helices A and B, as shown in Figure 2 , becomes more likely. 8 This pocket can bind the cTnI 144−163 switch peptide and thereby initiate contraction. 5, 9, 10 A potential treatment for heart failure is the development of cardiac inotropesagents that affect muscle contraction. Many different inotropes have been discovered over the years that affect the molecular landscape involved in cardiac contraction. These compounds include cardiac glycosides, β-adrenoceptor agonists, and phosphodiesterase inhibitor.
11 −13 The mechanisms of these compounds all act to increase calcium levels within cardiomyocytes (i.e., calcium mobilizers). 14 However, adverse effects such as myocardial ischemia (decreased blood flow to the heart) and arrhythmias (abnormal heart beat) 13 directly result from the use of these inotropes. Another mechanism by which inotropes have been found to aid against heart failure is through calcium sensitization. Such calcium sensitizing compounds may affect cNTnC's calcium affinity, while ideally not altering the intracellular Ca 2+ concentrations. This mechanism has the potential to avoid many of the adverse side effects associated with other drugs. 15 The most widely studied calcium sensitizer is levosimendan. 16−18 Levosimendan is a positive inotropic compound that binds to cTnC and acts to prolong the Ca 2+ bound conformation of isolated cTnC. 17 Despite knowing the effects of levosimendan on cardiomyocytes, the exact binding mechanism on cTnC is still under debate. 16, 17, 19 Currently, no experimental structure has been obtained for levosimendan bound to cTnC, but a model has been built showing levosimendan bound to the hydrophobic pocket of cNTnC. 20 Levosimendan has been through several clinical trials but has yet to be approved in either the US or Canada. 21 It is currently available in Europe and Japan under the trade name Simdax. Pimobendan is another positive inotrope with vasodilating effects. 22 It has undergone clinical trials and is currently used in veterinary medicine as a treatment for congestive heart failure in canines. 23−25 Another calcium sensitizing compound more recently discovered is NSC147866 which has been shown to bind to both cNTnC and the cNTnC-cTnI 147−163 complex. 10, 26 Other compounds reported to bind to the hydrophobic pocket of cNTnC are bepridil, 10, 22, 27 W7, 10, 28 DFBP-O, 10, 26, 29 and trifluoperazine. 22, 27, 30 The chemical structures of these compounds are shown in Figure 3 .
Structure-based computer-aided drug discovery methods can facilitate the search for novel small molecules binding to the hydrophobic pocket of cNTnC. 31 Molecular dynamics simulations have shown that calcium-bound cNTnC exhibits significant structural flexibility, allowing it to transiently open the hydrophobic pocket between helices A and B. 8, 32, 33 Therefore, methods explicitly accounting for receptor flexibility in computer-aided drug design 34 should be used for cNTnC structure-based drug discovery. The relaxed complex scheme (RCS) is a virtual screening method that accounts for both ligand and protein receptor flexibility. 35−37 Traditionally, computational docking calculations utilize static receptor structures and allow for the ligand to be flexible. The most common applications of the RCS method use multiple receptor structures obtained from a molecular dynamics (MD) simulations starting from a crystal or NMR structure that contains a docked ligand. Variations of the RCS have been successfully used in several virtual drug discovery studies, 38−46 including in the identification of a low affinity calciumsensitizing agent. 26 The RCS method used in this study was performed in conjunction with a structure-based virtual screening of a large database of compounds, a widely used screening technique. 26, 47 An alternative to a structure-based virtual screening method for identifying potential active ligands is to use a ligand-based screening method. 48, 49 This method does not depend upon knowledge of the receptor structure and relies solely upon the chemical structure and composition of the known active ligands, and machine learning techniques are then used to discover patterns in known actives. This is followed by screening large compound databases for compounds that have some degree of similarity to the active ligands. However, for cTnC, the number of known active ligands is relatively small and thus excludes ligand-based screening approaches.
To identify novel compounds that demonstrate stronger calcium sensitization in cNTnC, we have employed the relaxed complex scheme to determine likely candidate compounds and experimentally verified them using a combination of stoppedflow kinetics and calcium fluorescence titrations. However, cNTnC conformations for the RCS were not selected based on purely geometric considerations (in a previous study, cNTnC conformations were picked based on an RMSD clustering analysis 26 ). The goal of this study was to identify cNTnCCTnI 144−163 conformations and a ligand preparation method that are highly predictive of Ca 2+ sensitizer binding. This was accomplished by utilizing knowledge of a set of known cNTnC binders in combination with a receiver operator characteristic analysis. Those conformations were subsequently used in RCStype virtual screening. We experimentally tested the top compounds from the screen using stopped-flow kinetics and steady-state fluorescence Ca 2+ titrations. This resulted in the identification of two new compounds, NSC600825 (3-(4-methoxyphenyl)-6,7-chromanediol) and NSC611817 (3-(4-methylphenyl) -7,8- 52 The remaining 30 conformations were extracted from a 100 ns MD simulation of a calcium sensitizer (DFBP-O) bound complex of cNTnC·Ca 2+ -cTnI 144−163 , the details of which have been previously reported. 26 This simulation of a DFBP-O bound complex of cNTnC·Ca 2+ -cTnI 144−163 was chosen as it corresponds to the method used to identify NSC147866. The 100 ns simulation demonstrated clear convergence after 20 ns indicating that any structures selected from the trajectory are valid representations of the conformational ensemble of the protein (Supporting Information, Figure S1 ). From this MD simulation, 15 frames (corresponding to snapshots of the simulation at various points in time) were chosen as potential representative conformations based upon an RMSD cluster analysis, which was detailed in a previous paper. 26 In addition, pocket-volume calculations were performed to determine additional cNTnC conformations that exhibit large hydrophobic pockets. These calculations were done using POVME. 53 Pocket volumes were calculated for each trajectory every 20 ps, resulting in 5000 pocket-volume measurements. The analysis was performed on the MD trajectory frames with the DFBP-O ligand coordinates removed. The coordinates for the inclusion sphere were extracted from coordinates of the docked ligand in the initial frame of the trajectory. A single inclusion sphere was used with a radius of 10 Å. For the conformations for the test set, 15 frames were chosen that had large pocket volumes (>195 Å 3 ) and were distributed evenly throughout the entire 100 ns trajectory.
Prior to performing any docking calculations, each of the 35 receptor protein conformations were prepared using Schrodinger's Protein Preparation Wizard, 54 resulting in conformations that were optimized and hydrogenated and therefore suitable for use with Glide XP. 55−57 The bound ligands, Ca 2+ ions, and any water molecules were removed from the conformations. The preparation process was done by first deleting all water molecules. The conformations were then repaired by filling in any missing residues. Lastly, a restrained minimization using the OPLS_2005 force field 58 was run on the protein structure with a restraint RMSD tolerance of 0.30 Å.
Finally, a receptor grid was created for each of the 35 conformations. Glide utilizes a grid-based docking algorithm that requires an active site identification. 56 This grid defines a 3D box that encompasses the coordinate space that is used for positioning the ligand. For each of the 35 receptors, a box center and dimensions were defined in this grid generation process. For receptors #1−5, the box centers were taken as the central coordinates of the experimental ligand, respectively. For receptors #6−35, the center coordinates of the box corresponded to the central coordinates of the bound DFBP-O in the initial frame of the trajectory. The dimensions of the box were chosen as 15 Å in each dimension.
Active and Decoy Ligand Test Set. A test set of 1007 ligands was compiled and contained both ligands known to be active in the hydrophobic pocket of cNTnC and ligands assumed to be inactive (referred to as decoys). A total of 7 ligands were chosen as actives. These ligands are shown in Figure 3 55, 56 was chosen as the decoy set. It contained 1000 ligands with an average molecular mass of 360 Da, comparable to the average size of the known active ligands (325 Da). In terms of volume, the decoy set selected contains molecules with molecular volumes that are also comparable to the active ligand set (Supporting Information, Figure S2 ).
Selection of Highly Predictive cNTnC Conformations. In addition to the protein receptor conformations used, the effect of different ligand preparation strategies on active compound enrichment was tested. To better emulate the conditions present when screening compounds in a large database which are typically provided as 2D structures (such as the NCI database), all 1007 ligands (1000 decoys and 7 actives) were converted into 2D structures prior to the preparation process. This was done in order to maintain consistency with 61, 62 generate tautomers, generate alternative chiralities, and minimize the structure using a userselected force field. 63−66 Depending upon the inputs chosen, multiple versions of each ligand could be generated (e.g., versions with different protonation states). Table 1 lists the ligand preparation strategies that were tested along with the number of generated ligands.
Subsequently, the prepared active and decoy ligands were docked using Glide XP into each of the 35 prepared receptor conformations. Each ligand was docked into each of the prepared receptor conformations. The top scoring pose of each ligand along with its docking score were extracted from the Glide XP results and used for further analysis.
A ROC (receiver operator characteristic) curve analysis was performed to measure the relative predictive ability to find hydrophobic pocket binders of each protein conformation. 67 This method of analysis is used to evaluate how well a system predicts a binary classifier system. In this case, we were testing how well each specific protein conformation can predict the binding of known binders into the hydrophobic pocket. The ROC curves were generated by ranking the docking scores for all the active and decoy ligands for each receptor. The curve was created by plotting the number of true positives (TP) divided by the sum of true positives and false negatives (FN) versus the number of false positives (FP) divided the sum of false positives and true negatives (TN). In other words, the occurrence of the active compounds is plotted against the occurrence of the decoys in the rank-ordered list of docking scores. The axes are normalized.
A total of 105 ROC curves were generated, resulting from the 35 receptor conformations tested in combination with each of the three ligand preparation methods. The curves were generated using an in-house python script that reads in the output docking scores, recording only the score of the top pose for each ligand. If the ligand preparation method generated multiple versions of a ligand, only the top scoring pose out of all the possible versions is extracted, resulting in a total list of 1007 docking scores. In many cases, if a ligand scored poorly, it was not reported in the Glide XP output file. This resulted in the total number of reported docked ligands being less than the actual number of ligands used as input. To account for this, we added the ligands that do not have reported scores onto the end of the list, while making the assertion that if any of those ligands were active compounds they would be placed at the very end. This was done to represent a "worst-case" scenario where the active ligands with unreported scores were assumed to dock worse than any of the unreported decoy ligands.
A combination of area under the curve (AUC) and enrichment factor was used to measure the relative predictive ability of each receptor. The AUC was calculated by rectangular integration. The enrichment factor for each receptor conformation/ligand preparation combination was calculated using where N active in top 40 is the number of active compounds found in the top 40 (chosen based upon only being able to order a maximum of 40 compounds at a time from the NCI) scoring ligands, N total is the total number of docked ligands (actives + decoys, in this case a total of 1007 ligands), and N actives is the total number of actives (in this case 7). Although pragmatic, the decision to use a sample set of 40 for the enrichment factor provides a large enough set to demonstrate enrichment as well as ensures feasibility for experimental follow-up. Alternative approaches have been explored for selecting the most suitable metrics, such as the null hypothesis protocol presented Hawkins and co-workers. 68 Unfortunately, due to the highly non-normal distribution of the enrichment factors, this null hypothesis method could not be applied. In theory, a perfectly random distribution of actives and decoys would result in a normalized AUC of 0.5 and an enrichment factor of 1, based upon the assumption that in a perfectly random system the active ligands would be evenly distributed throughout the scored compound list. Normally, the results would be compared against these metrics. However, since our ligand preparation strategies generally generated multiple versions of each ligand and only the top scoring of each ligand was used for the ROC curve, these baselines needed to be adapted for the respective ligand preparation strategies. To account for this, we developed an in-house python-based random docking score generator. The script read in the list of docked ligands for each receptor that contains the correct number of multiple versions of each and assigned each of them a random docking score ranging from 0 to 1 generated using a random number generator. AUCs and enrichment factors were calculated by extracting only the top scoring of each ligand resulting in a list of 1007 ligands. This process was repeated for thousands of iterations. The values for the AUC and the EF converged after ∼50,000 iterations. Plots illustrating this convergence are shown in Figure S3 of the Supporting Information. The calculations were repeated 50,000 times and averaged to give an AUC and enrichment factor baseline that was specific to each receptor/ligand preparation method. The baselines were determined by averaging three trials of 50,000 iterations. The raw calculated AUC and enrichment factor values for each combination along with their respective baselines can be found in Table 1 of the Supporting Information.
Based upon the ROC curve results, three top receptor conformations were chosen along with a ligand preparation method. This was accomplished by comparing AUC and enrichment factor calculations for each receptor and ligand preparation combination to their respective baselines. A ligand preparation method was chosen first by identifying which set of 35 docking calculations had the most receptors with enrichment factors above their baselines. After selecting a ligand preparation method, three receptor conformations with the highest AUCs and enrichment factors compared to their respective baselines were chosen.
Virtual Screen of NCI Database. The entire National Cancer Institute (NCI) open database (265,242 total compounds) was used for the virtual screen. The compounds were prepared using the ligand preparation method identified as providing the best calcium sensitizer binding predicting capability (OPLS_2005 force field for minimization, the Ionizer ionization method to generate all possible structures at a target pH of 7.4, and generating all combinations of stereoisomers with at most five versions generated per ligand). This ligand preparation method generated a total of 513,446 compounds. Due to the large number of compounds in the database, the virtual screening workflow was used for the screening. 67 The
Journal of Chemical Information and Modeling
Article compounds post-LigPrep were docked into each of the three cNTnC receptor conformations selected from the test set using Glide HTVS. From these results, the top 10% for each receptor (26,000 compounds for each of the three receptors; after ligand preparation: 54,685 for #16, 49,604 for #19, and 49,017 for #28) were then docked into the three receptors using Glide SP. Finally, the top 10% of the SP results for each receptor (2600 compounds for each of the three receptors; after ligand preparation: 6319 for #16, 5292 for #19, and 5734 for #28) were docked into all three receptors using Glide XP. Using a custom python script, the results from the Glide XP docking for each receptor were analyzed. The script reported all compounds that appeared in the top 100 scoring for all three receptors, in addition to the top 15 scoring ligand poses for each receptor individually and the compounds in ranked order averaged across all three receptors. From these results, a set of compounds was chosen for experimental testing. One of the compounds appeared in the top 100 scoring for all three receptors, and the remaining compounds were chosen from the ranked list of averaged scores with preference being given to compounds that occurred in the top 15 of any of the three receptors.
In addition, a subset of the NCI database was also screened. This subset contained all the compounds from the database that are structurally similar to NSC147866 (Tanimoto index >80%), a previously determined calcium sensitizing agent found in the NCI database. 26 This subset contained a total of 336 compounds. Using the same method for ligand preparation, the ligands were docked into each of the top three receptors using Glide XP. The same script used for the entire database analysis was used. A check was added to ensure that there were no duplicates with the set determined from the entire database. Another set of compounds were selected from this list. These compounds were ordered from the NCI Developmental Therapeutics Program (DTP) for potential experimental verification.
Based upon the experimental screening of a portion of the compounds using stopped flow, NSC600285 was identified as a potential Ca 2+ sensitizer. A final screen was then performed on compounds structurally similar to NSC600285 (Tanimoto index > 80%). The subset contained 68 different compounds. The same procedure was followed as was used for NSC147866.
Proteins and Ligands Utilized for Experimental Verification. The pET3a plasmid-encoding human cardiac troponin C (cTnC) was a generous gift from Dr. Lawrence B. Smillie (University of Alberta, Edmonton, AB). The cTnC C35S mutant was generated, expressed, purified, and labeled with environmentally sensitive fluorescent probe IAANS on Cys 84 as previously described. 69 The cTnI 128−180 peptide was synthesized by The Ohio Peptide, LLC (Powell, OH). The cTnC-cTnI chimera (utilized for initial compound screening) was generated, expressed, purified, and labeled with IAANS on Cys 53 as previously described. 70 The ligands were obtained from the National Cancer Institute Developmental Therapeutics Program. The samples obtained ranged between 5 and 10 mg. Bepridil was purchased from Sigma-Aldrich. The samples were dissolved in DMSO to a stock concentration of 50 mM.
Steady-State Fluorescence Measurements. All steadystate fluorescent measurements were carried out using a PerkinElmer LS55 fluorescence spectrometer at 15°C. IAANS fluorescence was excited at 330 nm and monitored at 450 nm as microliter amounts of CaCl 2 were added to 2 mL of IAANS-labeled cTnC C35 (0.25 μM) in the presence of the cTnI 128−180 peptide (1.25 μM), in the absence or presence of a compound (100 μM), in a titration buffer (200 mM MOPS (to 
Article prevent pH chances upon addition of Ca 2+ ), 150 mM KCl, 2 mM EGTA, at pH 7.0), with constant stirring. [Ca 2+ ] free was calculated using the computer program EGCA02 developed by Robertson and Potter. 71 The Ca 2+ sensitivities were reported as a dissociation constant K d , representing a mean of at least three separate titrations ± SE. The data were fit with a logistic sigmoid function (mathematically equivalent to the Hill equation). As a control against potential aggregation, the above measurements were repeated in the presence of 0.025% zwitterionic detergent Tween-80.
Stopped-Flow Fluorescence Measurements. All kinetic measurements were carried out using an Applied Photophysics Ltd. (Leatherhead, UK) model SX.18MV stopped-flow apparatus with a dead time of ∼1.4 ms. IAANS fluorescence was excited at 330 nm with emission monitored through a 420−470 nm band-pass interference filter (Oriel, Stratford, CT). EGTA (10 mM) in a stopped-flow buffer (10 mM MOPS, 150 mM KCl, at pH 7.0) was utilized to remove Ca 2+ (500 μM) from IAANS labeled cTnC C35S (0.5 μM) in the presence of a cTnI 128−180 peptide (2.5 μM in the stopped-flow buffer at 15°C
. Here, 100 μM of each compound was individually added to both stopped-flow reactants to screen the compounds. The data were fit using a program (by P.J. King, Applied Photophysics Ltd.) that utilizes the nonlinear Levenberg−Marquardt algorithm. Each k off represents an average of at least three separate experiments ± SE, each averaging at least five shots fit with a single exponential equation.
Statistics. Experimental results obtained from the steadystate Ca 2+ binding as well as the Ca 2+ dissociation rates were compared by a one-way ANOVA followed by a Tukey's HSD (honest significant difference) posthoc test. A value of p < 0.05 was statistically significant.
■ RESULTS AND DISCUSSION
Previous studies using computer-aided drug discovery targeting cTnC have used either experimental cTnC structures (from Xray crystallography or NMR) or geometrically representative snapshots from molecular dynamics simulations as receptors. 26 However, the cNTnC conformations used in the virtual screens were never selected based upon their ability to correctly predict known cNTnC binders. In this study, prior to performing any type of virtual drug screening, we ensured that the static protein conformations to be used as receptors were predictive of binding calcium-sensitizing compounds. The test sets of cNTnC and cNTnC-cTnI144−163 conformations, totaling 35 structures, were chosen from a combination of experimental crystal/NMR structures obtained from the protein databank and frames extracted from a molecular dynamics trajectory of an NMR complex of DFBP-O bound cNTnC·Ca2+-cTnI144− 163 (PDB 2L1R). Figure 4 summarizes our drug discovery protocol.
Generation of an Ensemble of cNTnC Conformations That Represent the Structural Flexibility of the Hydrophobic Patch. A preselection of cNTnC and cNTnCcTnI 144−163 conformations that represent the structural ensemble of cardiac TnC in solution was made to subsequently identify which of those conformations is most predictive for drug discovery. A total of five crystal/NMR structures were selected, all of which contain an active compound bound to either cNTnC or cNTnC-cTnI 144 52 The coordinates for the docking location were chosen as the central coordinates of the docked ligand in each respective structure. These conformations account for receptors #1−5.
The remaining 30 structures were extracted from a MD simulation of DFBP-O bound cNTnC·Ca 2+ -cTnI 144−163 (PDB 2L1R). Using POVME, the pocket volume for each frame corresponding to every 20 ps of the 100 ns trajectory was calculated. The volumes plotted as a function of time are shown in Figure 5 . Fifteen frames were chosen that have volumes ranging from 106−258 Å 3 and were dispersed evenly throughout the trajectory. The selection of larger pockets in the MD simulation was based on reports that screening of larger pocket conformations has been associated with improved outcomes in drug discovery. 72, 73 The volumes and relative RMSDs of each of these 15 conformations are shown in Table  2 . These defined structures #6−20. The final 15 structures, #21−35, were extracted from the MD trajectory using a cluster analysis. The details of the RMSD cluster analysis can be found a Calculations were performed using POVME. RMSD calculations were performed over the entire cNTnC-cTnI 144-163 complex.
in a previous paper. 26 The docking site location for receptors #6−35 was chosen as the central coordinates of the bound DFBP-O in the initial frame of the MD simulation.
The 35 receptor conformations selected for the test set are structurally similar but have varying properties making them all excellent candidates. The RMSDs (calculated to the experimental structure 2L1R) range from 3.08 to 5.88 Å over residues 1−89 and from 2.32 to 3.70 Å over just helices A and B. Because all of the receptor conformations initially contained a bound ligand, helices A and B are in an open conformation, thus creating a sizable hydrophobic pocket. This is necessary for further virtual drug screening as there needs to be enough volume in the pocket to accommodate ligands of variable sizes.
Selection of a Ligand Preparation Method and Three cNTnC Conformations That Most Accurately Predict
Binding of Known cNTnC Binders. Following the assembly of an ensemble of 35 representative cNTnC and cNTnCcTnI 144−163 conformations, we used knowledge about known cTnC binders to identify 3 out of the 35 cNTnC conformations that have the highest predictive value for cNTnC binding. We docked known cNTnC binders and decoy ligands into all 35 cNTnC conformations and then selected the three conformations that ranked known ligands best with respect to decoys ( Figure 6 ).
In addition to the protein receptor conformations used, it was important to use a ligand preparation method that gives ligand structures that are highly predictive of binding to the hydrophobic pocket in cNTnC. Several of the ligand databases that are commonly used for virtual drug screening often only provide ligands as 2D structures that generally do not encode the correct ionization state or chirality. Using LigPrep, 60 three different ligand preparation methods were tested on the 7 active ligands and 1000 decoy ligands. A list of the methods tested is shown in Table 1 . The total ligand test set (1007 total ligands) was docked into each of the 35 cNTnC and cNTnCcTnI 144−163 conformations in the test set and the docked ligands were ranked by their docking score.
For each ligand preparation method and cNTnC conformation, a ROC curve was generated that assesses how wellknown active ligands can be ranked in relation to inactive decoys for that particular ligand preparation method and receptor cNTnC conformation (Supporting Information, Figure S4 ). This allowed identification of particular cNTnC conformations that are most predictive of finding known cNTnC binders, i.e., conformations that rank the active compounds higher compared to the decoys. The area under the ROC curve (AUC) and an enrichment factor were calculated for each receptor conformation/ligand preparation method pair and compared to a baseline specific to each system. Typically, a ROC curve has an AUC baseline of 0.5 and enrichment factor of 1 (both of which demonstrate the system being evenly distributed). In this case, each system's baseline value had to be adjusted since the ligand preparation methods used generated multiple versions of the same ligand (various ionization states for example). This was accomplished by averaging the AUC and enrichment factors over 50,000 test runs using random docking scores. The results from these calculations are shown in Table 3 . AUCs and enrichment factors above the respective baseline values are an indication of how well a particular system (composed of both the receptor conformation and ligand preparation method) can predict true active ligand binding to the hydrophobic pocket of cNTnC. These two metrics were used to determine the optimal ligand preparation method along with three representative cNTnC conformations.
The ligand preparation method found to have the most receptors with enrichment factors above their respective baselines was LigPrep Method 3 (Table 3 ). This method used the OPLS_2005 force field for minimization, the Ionizer ionization method to generate all possible structures at a target pH of 7.4, and generated all combinations of stereoisomers with at most five versions generated per ligand. This ligand preparation method was chosen as the method to be used for the prospective virtual screening to identify novel calcium sensitizing agents.
Within LigPrep Method 3, each of the individual receptors' ROC curves were analyzed. The three receptors chosen as most predictive of active binding (receptors #16, #19, and #28) were selected based upon how far their respective AUCs and enrichment factors were above the respective baselines. The relative AUC values for each of these three receptors are 0.12, 0.08, and 0.04. Most critical in the selection of these particular receptor conformations were the enrichment factors. The respective enrichment factors for each receptor were 2.42, 2.56, and 9.55. Receptor #28 exhibited the largest enrichment factor indicating that it had ranked the most active compounds within the top 40 docked ligands. These other two receptors also had elevated enrichment factors when compared to their respective baselines. Receptors #16 and #19 were extracted from the pocket-volume analysis, while receptor #28 originated from the RMSD cluster analysis of the MD simulation of DFBP-O bound cNTnC·Ca 2+ -cTnI 144−163 (PDB 2L1R). The three receptors chosen for the virtual screen are shown in Figure 6 . The pairwise RMSDs for the three receptor conformations were 3.173, 3.274, and 3.498 Å, respectively. The pocket volumes for the three receptors, as calculated with POVME, were 171, 106, and 108 Å 3 , respectively. These volumes fall within the range of volumes for the receptor conformations in the test set extracted from the MD trajectory. The lack of distinguishing features among the three chosen receptor conformations demonstrates the value of the ROC analysis. Without said analysis, there was no obvious reason to select the conformations that were selected. All three receptors selected originated from the MD simulation with DFBP-O bound and were complexed with the switch peptide, cTnI 144−163 . The lack of experimental structures in this final set of the three most predictive cNTnC conformations underscores the importance of using MD in accounting for receptor flexibility in virtual screening. Encouragingly, in both receptors #19 and #28, DFBP-O appeared in the list of top 40 docking score compounds. This is indicative of these conformations having a high predictive value for predicting active docking.
Virtual Screen To Identify Novel Calcium-Sensitizing Agents. After identification of a predictive ligand preparation method and three predictive cNTnC conformations, we performed virtual screening of the entire NCI database using Schrodinger's virtual screening workflow to identify novel compounds that are potential Ca 2+ sensitizers for cNTnC. We hypothesized that using this particular combination of three receptor conformations and ligand preparation method in the virtual screen would increase the chances of identifying active calcium-sensitizing molecules that bind to the hydrophobic pocket. The receptor conformations and ligand preparation method used for the compounds in the database were identified as being highly predictive of binding to the hydrophobic pocket.
The virtual screen was performed by docking all compounds first using Glide HTVS, then docking the top 10% for each receptor using Glide SP, and then finally docking the top 10% of those using Glide XP. After the virtual screening, a set of the top scoring compounds were chosen. These compounds were based on analyzing the average docking score across all three receptor conformations as well as identifying compounds that occurred in the top 100 scoring for all three receptor conformations. The selection was based on compounds having good scores in all three receptor conformations. Only a single compound (NSC254212) was found in the top 100 of all three receptor conformations and coincidentally had the best average docking score. The remaining compounds were chosen from the ranked list of averaged scores with preference being given to compounds that occurred in the top 15 of any of the three receptors. A second screen was performed on compounds within the NCI database that were structurally similar to NSC147866, a compound that we recently identified to be a weakly binding calcium sensitizer. We hypothesized that a derivative of NSC147866 might have a high probability of binding to the hydrophobic pocket. The compounds chosen were also filtered based upon availability for ordering from the NCI DTP. Only compounds that were available for ordering were chosen. The compounds selected along with their molecular weights and average docking scores (across all three receptors) are shown in Table 4 .
A final screen was performed on compounds from the NCI database that were structurally similar to NSC600285, a compound that was identified from the initial set of compounds to bind cNTnC and show calcium-sensitizing properties (see Experimental Verification section for details). Based upon this screen, additional compounds were selected using the same selection methodology used for the other screens.
Samples of the compounds (5−10 mg of each) identified through the virtual screening process were ordered from the NCI DTP. The compounds were screened using stopped-flow, and the two promising candidates were subsequently tested for their ability to act as calcium sensitizers. Partly because of solubility issues and inner filter effects, only a portion of the compounds were successfully screened.
Experimental Verification. The two potential Ca 2+ sensitizers (NSC600285 and NSC611817) were initially identified via stopped-flow screening using the cTnC-cTnI chimera. 70 Since changes in Ca 2+ sensitivity can be caused by either changes in Ca 2+ dissociation or association rate, or a combination of both rates, we needed to determine whether the -induced changes in fluorescence of IAANS-labeled cTnC C35S using steady-state fluorescence titrations. We determined that both compounds led to an increase in calcium sensitivity of IAANSlabeled cTnC C35S in the presence of cTnI 128−180 ( Figure 7A ). The increase in Ca 2+ sensitivity is apparent by the left shift (decrease in K d ) of the steady-state curves. A one-way ANOVA followed by a Tukey's HSD analysis indicated that both compounds show a statistically significant increase in calcium sensitivity when compared to the control.
We also compared the Ca 2+ -sensitizing effects of the two new compounds to that of a known Ca 2+ sensitizer, bepridil. 74 Ca 2+ induced increases in IAANS fluorescence, which occur when Ca 2+ binds to the regulatory N-domain of IAANS-labeled cTnC C35S in the presence of cTnI 128−180 and in the absence or presence of NSC600285, NSC611817, or bepridil are shown in Figure 7A . In the presence of cTnI 128−180 , the IAANS-labeled cTnC C35S exhibited a half-maximal Ca 2+ -dependent increase in IAANS fluorescence at 0.60 ± 0.03 μM. NSC600285, NSC611817, and bepridil led to ∼2.4-, 2.1-, and 2.0-fold increases, respectively, in the Ca 2+ sensitivity of the IAANSlabeled cTnC C35S in the presence of cTnI 128−180 . Statistical analysis using a combination of one-way ANOVA and Tukey's HSD test indicated that the Ca 2+ -sensitizing effects of the two new compounds was similar to that of the known compound, bepridil. The Hill coefficients (steepness) for all the curves fell within 1.03 to 1.13, indicating a noncooperative binding event. 75 To confirm the initial stopped-flow screening results, further stopped-flow experiments were conducted to determine the effect of the two identified compounds on the kinetics of Ca 2+ dissociation from cTnC in the presence of cTnI 128−180 . Effects were also compared to that of bepridil. Figure 7B shows In order to show that NSC600285 and NSC611817 are displaying true activity and are not aggregating, we repeated the Ca 2+ titrations in the presence of the zwitterionic detergent Tween-80 (0.025%) as recommended to rule out potential PAINS effects. 83 In the presence of Tween-80, both compounds still statistically Ca 2+ sensitized cTnC C35S in the presence of cTnI 128−180 ( Figure 7C ). Additionally, we measured the effect of the compound NSC603663 which did not pass our initial screening since it did not affect the rate of Ca 2+ dissociation from the cTnC-cTnI chimera. Compound NSC603663 was selected because it also contains a catechol group. Figure 7D demonstrates that NSC603663 did not Ca 2+ sensitize cTnC C35S in the presence of cTnI 128−180. Thus, the presence of the catechol group by itself is not sufficient to affect our assay.
In addition to potential aggregation, the catechol groups in the compounds pose the potential to oxidize and form orthoquinones. Docking calculations were performed on the oxidized forms of NSC600285 and NSC611817. The docking scores averaged over all three receptors for the unoxidized (catechol) forms of NSC600285 and NSC611817 were −7.69 and −10.21, respectively. The oxidized (ortho-quinone) forms gave significantly worse docking scores of −4.90 and −6.23, respectively, strongly suggesting that the unoxidized group is the dominant bound form. Should these compounds be developed further, additional experiments need to be performed to verify the binding of the unoxidized and oxidized forms, and this will be explored in future work.
The two compounds identified, NSC600285 and NSC611817, belong to a class of isoflavans and have been previously discovered as being potential inhibitors for human lipoxygenases (hLO). 84 Both compounds were identified as demonstrating high selectivity and potency for 15-hLO-1 (reticulocyte 15-human lipoxygenase-1, which has been implicated in atherogenic processes) 85, 86 and inhibition of 12-hLO (platelet 12-human lipoxygenase). Thus, in addition to the Ca 2+ sensitization, these compounds could also be beneficial for the treatment of heart failure via inhibition of 15-hLO-1 and 12-hLO. 87 
■ CONCLUSION
In this study, the relaxed complex scheme (RCS) was employed to identify novel compounds that increase calcium sensitization of cNTnC. In contrast to previous studies, in preparation for the virtual screening, cNTnC conformations were identified based on their ability to correctly predict known cNTnC binders. The large NCI DTP database was subsequently screened against those particular cNTnC conformations, and 40 compounds were ordered for testing. A portion of the compounds identified in the virtual screen (30 total) were tested using stopped-flow kinetics, and two of the compounds that were found to show Ca 2+ -sensitizing properties were then tested using steady-state fluorescence titrations. Using this methodology, we have successfully identified two novel compounds, NSC600285 and NSC611817, both of which showed increased calcium sensitization (∼2.4 fold) and a slowed calcium dissociation rate (∼2.5 fold). These effects on the rate of Ca 2+ dissociation are stronger than for bepridil, a known calcium sensitizer. Titration experiments in the presence of detergent Tween-80 ruled out the possibility of false positive assay results due to aggregation caused by the catechol functional groups. The chemical structures of NSC600285 (3-(4-methoxyphenyl)-6,7-chromanediol) and NSC611817 (3-(4-methylphenyl)-7,8-chromanediol) are shown in Figure 8 . We speculate that the 3-phenylchromane scaffold, which contains the pharmacophore chromane (a heterocyclic compound also known as benzodihydropan), is crucial in cNTnC binding and calcium sensitization. These compounds had average docking scores into the three receptor conformations chosen through the RCS of −7.69 and −10.21, respectively. For both compounds, the docking results show that there is a T-shaped π−π interaction between the chromane portion and Phe 77 in cNTnC. NSC600285 also shows hydrogen bonding with the backbone of Ala 95. The docked poses of these compounds along with Phe 77 are depicted in Figure 9 . NSC600285 was selected from the screen of the entire database, and NSC611817 was selected from the subsequent screen of compounds structurally similar to NSC600285. Both compounds have low Tanimoto similarity coefficients when compared to the seven known active compounds. The maximum common substructure Tanimoto similarity coefficients, as calculated using ChemMine Tools, 88 ranged from 17% to 39% for NSC600285 and 18% to 36% for NSC611817. This suggests that the relaxed complex scheme in combination with the identification of conformations that are predictive of binding was successful in identifying truly novel compounds. We would have never screened NSC600285 and NSC611817 based on their similarity to other known active compounds. Finally, despite the successful identification of a novel pharmacophore and two calcium sensitizers, solubility proved to be a limiting factor in the experimental verification (several of the compounds screened experimentally could not be tested due to severe solubility issues). It is not surprising that the virtual screen proposes hydrophobic compounds to bind to the hydrophobic pocket of troponin C. However, this suggests that successful compounds need to exhibit a delicate balance between hydrophobic and hydrophilic groups. Future work will focus on including predicted solubility into the virtual screen to dramatically increase the number of compounds that can be tested experimentally.
In conclusion, we have identified two novel Ca 2+ sensitizers, NSC600285 and NSC611817. The Ca 2+ sensitization effects of the two compounds were largely due to the slower rate of Ca 2+ dissociation. Thus, the use of our relaxed complex scheme and virtual screening in combination with experimental verification shows great promise in discovering new compounds that could one day be used to treat heart disease. 
